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Introduction
Fuel cells are emerging as attractive sources of power for electric vehicles because of their low emissions and quiet operation. Air (or oxygen) and hydrogen are the feed gases for these cells, and various types of hydrogen supplies such as high pressure hydrogen tanks, liquid hydrogen, hydrogen reformers, and metal hydrides have either been used or planned for use with fuel cells. Examples of vehicular systems include a 250 W phosphoric acid fuel cell supplied by a hydride bed and powering a golf cart (Shindo, 1993) , 15 kW fuel cells used in different "green" vehicles and fueled with hydrogen from high pressure tanks (Nadal, 1996) , and small scale, conceptual systems for railroad locomotives powered by fuel cell -hydride bed combinations (Hasegawa, 1995) . Fuel cells for submarine use (Brighton, 1994) have been proposed . It is clear that fuel cell applications abound, and that the best choice for the hydrogen supply will depend critically on the exact configuration and requirements of the he1 cell system. This current work describes the design, construction, and initial laboratory testing of a metal hydride bed system which was designed to supply hydrogen to a nominal 5 kW fuel cell made by the Schatz Energy Research Center (SERC), Humboldt State University, Arcata, CA and used in SERC's Palm Desert Vehicle (PDV). Although the design and construction of the bed system was dictated by the performance and constructional requirements of the SERC fuel cell PDV, it is likely that the general design features used to make the present hydride bed could be incorporated in future bed systems serving other fuel cells. Primary goals in this work were to make a practical hydride system which satisfied all hydrogen supply requirements of the PDV fuel cell system, and could be built with existing hydride bed fabrication techniques and commercially available, metal hydride-forming alloys. It was the intent of this work to make a hydride bed system which would be prototype, working device, for use in the PDV. It is expected that working experience with this bed system both in the laboratory and, eventually, in a working vehicle, will lead to the development and manufacture of less expensive bed system with improved performance characteristics.
Design and Construction
The primary, SERC PDV requirements for a hydride bed used as a hydrogen supply are given in Table 1 . These requirements were determined by combining the performance statistics of compressed hydrogen tanks currently used on the PDV with anticipated operational conditions using a hydride bed. Note that some of the requirements are rather arbitrary: For instance, the refueling time of I 10 minutes is long compared to a typical "tanking up" at a gasoline station ( I 2 minutes), but was considered an acceptable time to refill the hydride bed. (Bed refueling times are only relevant to the refueling scenario where gas is put back into the beds at a drive-up refueling station. It may be that a complete bed changeoutlexchange in the end is the best means for "refueling."). The environmental requirement, operating temperatures of -5 O C to -65 "C, is one which has not been actually measured but, rather, is an estimate of the temperatures which the hydnde bed might experience. water, fuel cell waste heat (12.5 kW max.) "normal," steady state operation startup batteries,l2 -36 V, -600-1000 kJ max
Modular Bed Details
A "modular" hydride bed is one made up of several, smaller beds configured so that the overall hydrogen capacity is the sum of the: smaller (modular) individual bed capacities. Hydrogen Components, Inc. (HCI), Littleton, CO, has experience in construction of similar beds (HCIFrank Lynch, 1993) , and it has also developed effective techniques to control unwanted hydride swelling. Therefore, we decided to design a modular bed based on HCI's proven bed construction techniques and to have HCI build the modular beds based on our design requirements.
A modular, prototype system was chosen primarily because it should best utilize the small amounts of waste heat available from the fuel cell (discussed below), would fit in the space available, could be mounted in the PDV so that the bed modules would be readily accessible, and, if necessary, could be reconfigured to be used in different hydrogen-delivery gas manifolds. However, a modular design is most likely not optimized from a capacity standpoint, and would also involve more gas and water coimections than a single, larger bed with the same amount of hydride alloy.
A drawing of one of the proposed modular beds is shown in Figure 1 , and a photograph of a finished module is shown in Figure 2 . The entire bed assembly would consist of 8 such beds, and one possible, planar arrangement of these beds in the PDV space is shown in Figure 3 (The gas plumbing for the beds is not shown in this Figure) . The space available for the entire bed assembly is located underneath the fuel cell and above the belly pan of the PDV, and is basically a volume -20" x 21" x 3" in size:. Other components necessary for interfacing the metal hydride bed system to the fuel cell water coolingheating system, such as heat exchanger, water pump, etc., would fit in other available space in the PDV.
Even though each of the eight modules looks the same as the others, there are actually two types of modules with different hydride-forming alloys: 0 "Main Module." This is the primary bed module and there would be 7 such modules in the bed. Each main module contains approximately 1900 g of Hydralloy C15 (Aits, 1995) , a commercially available (made by G E in Nuremberg, FRG) hydride-forming alloy with the following composition (numbers in moVo): Mn, 48.13; Ti, 24.6; V,13.85; Zr, 8.27; Fe,3.37; and Ni, 1.77 (Pechloff, 1996) . C15 was chosen because, when hydrided, it had hydrogen overpressures which were in the proper range, -1 -15 bar. The module consists of 9, hydridecontaining tubes approximately 0.69" in diameter. The C15 is loaded in the tubes to a packing density of -3 g/cc; the loading of the material is done such that the 15" length of each tube is physically partitioned into separate zones, each of which is approximately 0.75" long (this technique is called the "bar stool" arrangement by HCI). In addition, a fritted gas tube runs the entire length of each of the hydride tubes. The hydrogen outputs of the tubes are connected in parallel internally in the bed in a plenum (see Figure 1 , "Side View"). Connections to the plenum consist of a single, manual valve, for external gas delivery, and a pressure relief valve, set at a nominal 250 PSIG. All the hydride tubes are encased in a water-cooled, stainless steel jacket. Lexan rods, with either square or triangular cross sections and running the length of the module, are inserted between the hydride tubes in order to reduce the cross-sectional water flow area , a strategy employed to increase the water flow velocity in the module and to promote turbulent flow for improved heat transfer inside the module. Materials with lower heat capacities than Lexan could be used but were not tried in these first module beds. On the ends of the jacket are welded brackets which will be used to attach each module to the angle-iron frame of the PDV.
"Cold Start Module." There is one such module, and it will contain an alloy which is less stable (higher hydrogen pressure at the same temperature) than C 15. The main purpose of this module was to provide higher output pressure than the C 15 during "cold start"
( temperatures below -20 "C) starting conditions. The alloy used in the system which was made is Ergenics Hy-Stor 208 (Huston, 1980) . Six modules were built by HCI and their specifications are given in Table 2 . Note that the first five modules (1.1-1 through 1.1-4 and 3.1-1) contain C15, while the sixth module has Hy-Stor 208. As shown in Table 2 , each module weighs about 4 kilograms, of which -45-50% is hydride alloy weight. Also given in the last column are the predicted weights of hydrogen stored in the alloys for 1.5 weight per cent (w/o) loading and the overall, effective w/o of hydrogen storage in the module. This last number underscores the necessity of considering an often-neglected component in hydride systems -the container. The wlo figures quoted for many alloy systems must always be put into practical perspectives by including container weights. As indicated above, it was not the intent of the current study to achieve optimum w/o figures with the modular system. 
Available Energy and System Design
A simplified, block diagram of the assumed functional relationship of the modular bed with the fuel cell is shown in Figure 4 . There are two water loops in this system: one water loop cools the fuel cell; the second loop heats the modular hydride bed. Energy is transferred from the first water circuit to a second by a heat exchanger. An onboard battery/ regulator system provides power to run such items as the water pumps, valves, and electrical heater. This heater is located in the bed water circuit and is used to heat the water when reject heat from the fuel cell is insufficient to heat the hydride bed., a situation which would occur most often during "cold start" conditions, those times when the fuel cell is first used and the ambient bed temperature is not high enough to satisfy energy demimds for hydrogen desorption.
There are two basic modes of opertation for the fuel cellkydride bed system: "steady state," and "startup," or transient operation . During steady state operation, all system components are at the nominal operating temperature, and the only energy required for hydride bed operation is the amount necessary to supply the hegat of desorption of hydrogen from the metal hydride alloy: Since the maximum anticipated use of hydrogen by the fuel cell is about 25 slm (-0.0186 moles hydrogeds), and the heat of desorption of hydrogen in C15 is about 34 kJ/mole hydrogen (Pechoff, 1996) , during steady state desorption of hydrogen from the hydride, a heat input of -0.01 86.34 -0.6 kW, is required.
In principle, the reject heat from the fuel cell should be more than this 0.6 kW, since the fuel cell used in the PDV has a maximum power rating of -5 kW and is -50% efficient. Thus, 5 2.5 kW could be reject heat and available for transfer to the hydride bed heating loop. Although the exact amount of available heat depends on the load on the fuel cell and can vary, there should be enough waste heat generated by the fuel cell for maintaining desorption of hydrogen from the hydride. It is also important to recognize that high hydrogen demand is coupled with high load on the fuel cell. The high load produces more available heat, but the availability of this heat will lag the demand by times determined by the thermal transfer characteristics of the water heating/cooling system. These steady state estimates, however, do not take into consideration the amount of energy necessary to heat the hydride bed to operating temperatures, a situation which would occur during "cold start" conditions. In this case, when insufficient reject ("useful") heat is available from the operating fuel cell, an electric immersion heater powered by onboard batteries would be used to heat the water in the bed water loop. Estimates of the maximum amount of energy available from the 3 x 12V = 36 V onboard batteries range from about 36 V x 5-8 amp-hours (P. Berger and R. Chamberlain, 1996) .
In order to maximize the effectiveness of these small amounts of energy available in the PDV, energy should not be used to heat components which do not directly contribute to the production of necessary hydrogen fuel. This suggests that the bed system heat capacity should be lowered, if possible. One way of doing this is to divide the bed into smaller beds, or modules, and to heat one bed module at a time, as needed, for hydrogen supply. Heating one bed module at a time also decreases the time required to reach operating temperatures, an important consideration in cold start situations. Even though a modular system has more complex plumbing and control than a single, monolithic bed, the potential improvement in response times and energy economy would seem to more than justify the added system complexity . In this current work, it was therefore decided to design and build a bed system based on this modular concept.
An estimate of the bed heating required in transient or start up conditions can be made if the heat capacities of the main components of the bed module system are known. Estimates of these heat capacities are given in Table 3 below. Using these values, the total heat capacity per module is approximately 3 LJK. To compute the amount of energy to heat up a bed to temperature, however, the total amount of water and other equipment in the module water loop also must be considered: For instance, this must include at least the heat capacity of the water, water pump, and heater. If there were -2 liters of water in this loop (not an exceptionally large amount), the heat capacity of the water would be about 4 kJK, slightly larger than that of a single module. The water pump, heater and other plumbing connections could easily add to this value to increase the heat capacity of the loop system external to a single module to -6 kJ / K, about twice that of a single module. Using these estimates, therefore, the total heat capacity of a single module system would be -10 kJ / K, while that for an 8 module system would be -30 kJ / K. 
I
Thus, based on these estimates, a single module system would require no more than 1/3 the power than a full module system to have a given time-temperature heating cycle, and that -200 kJ would be required to raise the temperature of a single module system 20 "C. If a 1 kW heater in the fuel cell loop were present, it would take -3.5 minutes to heat up the system, If , on the other hand, all eight modules were: heated, -GOO kJ (the approximate maximum energy available from onboard batteries) energy and -10 minutes heating time would be necessary. These considerations illustrate the advantage of minimizing the heat capacity of the bed system, and form the rational basis for adopting a modular bed design for the PDV. These estimates also underscore the fact that the actual performance of the bed heating system will depend on the exact system details and amount of heat capacity in the fuel cell-hydride bed water loops.
Module Testing
The performance characteristics of the six modules were determined using the Hydride Bed Testing Laboratory (HBTL) located at SandiaLivermore. Initially one module alone ( Module 1.1-1, Table 2 ) was tested. That module was then sent to SERC for collaborative testing on one of their test stands. In parallel with that activity, the remaining 5 modules were put on the HBTL and tested both individually and as a group. The results discussed in this section were taken from this group of 5 modules; the first module (1.1-1) had characteristics essentially identical to the other CIS-containing modules except that it contained more C15 alloy ( -1940 g vs. 1820 g ), the result of having smaller diameter gas delivery tubes in the hydride tubes.
The Test System
A simplified schematic of the HBTL module test system is shown in Figure 5 . This figure shows the arrangement for one module; when 5 modules were tested the hydrogen outputs from the modules were connected in parallel and the input and output water lines could likewise be connected to in parallel. A water bath heater/circulator, with approximately 11 liters water inventory, was used to heat or cool the bed module by circulating water through the module water jacket; water flows up to approximately 1.2 gallons per minute (gpm ) could be achieved in one module when using the circulator. The input and output water temperatures were measured with sheathed chromel-alumel thermocouples directly in the water flow. Water temperatures from 11 "C to 70 "C could be routinely produced using the current bath/circulator configuration.
When testing a module, the main module valve, labeled V1 in Figure 5 , was opened. To hydride, or fuel, a bed, 99.995% pure hydrogen from external tanks was supplied to a pressure regulator.
In most tests discussed in the current work, the output pressure of the regulator was set to -165 PSIA. The fueling of the module was performed by opening valve V2 and controlling the hydrogen flow, Fill , into the module by manually adjusting valve V2. The hydrogen mass flowmeter (MFM) had a range of 0 -400 standard liters/ minute (400 slm). During this process, the hydrogen mass flow controller (MFC) shown in the figure was kept closed. The bed pressure was measured by a strain gage pressure transducer, PoLlt , while the supply pressure to valve V2 was measured by a similar transducer, Pi, . All data from the pressure gauges, thermocouples, flowmeter and hydrogen mass flow controller were recorded and display using a computer-based acquisition system.
During gas delivery from the bed, valve V2 would be closed, the bed heated and the hydrogen vented through a mass flow controller, which has a range of 0 -50 slm. In many desorption/ hydrogen delivery data runs, the mass flow controller would be set to a constant value; when the bed started running out of hydrogen, the bed temperature would be increased to a maximum of 70 "C to desorb all hydrogen.
Since the bed fueling was determined with the 400 slm W M , while the gas delivery measured with the MFC, there was typically a discrepancy of -2% in integrated amounts between absorption and desorption of a module. This is much less than the manufacturer's quoted +_ 1% of full scale accuracy (k 4.4 slm total) of the MFM/MFC combination. Figure 6a shows the predicted mid-plateau hydrogen pressures for both the C15 and Hy-Stor 208 alloys. These data, which were derived from PCT taken on C 15 and from literature parameters for a material similar in composition to Hy-Stor 208 (Huston, 1980) , show that Hy-Stor does have a higher overpressure than the C 15, the primary basis for choosing Hy-Stor 208 as the "cold start" bed material. As a check on the actual behavior of each different alloys, 15 "C isotherms were measured in two different modules (1.1-4 for the C 15,2.1-1 for the Hy-Stor 208). The data are shown in Figure 6b as a function of the total amounts of hydrogen stored in the two different modules; absorption and desorption isotherms are indicated by the different arrows on the graph.
Results: Single Module

PCT Data
The experimental results shown in . Figure 6b indicate the following:
hydrogen. In addition, the Hy-Stor has less hysteresis and flatter plateau pressures than the C15.
C15 module corresponds to -1.8 PJ/O storage, while the -27 g stored in the Hy-Stor 208 module corresponds to -1.1 w/o storage. Note that these total amounts stored in the modules are higher than the amounts reversibly available: in the case of C15, the amount reversibly available in the current experimental setup is -30 g, which corresponds to -1.64 w/o, while in the Hy-Stor, the reversibly available amount is -25 g. The "reversibly available amounts" are defined as those amounts of hydrogen which can be desorbed from the alloys by heating the alloys to -70 O C and venting the hydrogen at -1 bar, coniditions which are relevant to PDV operation and used in the HBTL testing of the modules.
1. The Hy-Stor 208 has a higher overpressure than the C15 at any given amount of stored 2. In a given module, the C 15 has a higher capacity. The -34 g stored hydrogen in the These data indicate that the Hy-Stor module will have a higher overpressure, but lower capacity than the C 15 modules. These characteristics will be important when discussing hydrogen delivery characteristics below. Figure 7a gives the fueling results fix a C 15 module, Figure 7b , for the Hy-Stor 208 module. In each graph, the mass of hydrogen absorbed by the module is shown as a function of time for different, nominal fueling rates. All the data presented were acquired with water flows of 0.6 gallons/minute (gpm) through the miodules. Data were also acquired with module cooling of 1.2 gpm and were essentially identical to the data shown in the figures for the lower water flow of 0.6 gpm.
Module Fueling
The fueling rates indicated on the graphs were maintained as long as possible and correspond to the linear fueling response shown in these figures. Beyond a certain time in fueling a module, the difference between the supply pressure, which was -1 65 PSIA, and the module overpressure became too low to support the original flow. At this point, the fueling rate decreases and results in the deviation from linearity observed in all curves. This deviation is probably directly related to the heating of the modules (and, hence, increase in the effective equilibrium overpressure) caused by the absorption of hydrogen by the alloys. Modeling of this heating is described in Section 4. below. The amounts of h:ydrogen fueled and shown in these figures are reversibly available from the modules by heating the modules to temperatures 2 60 OC.
Note that in both types of modules, (1) the fueling characteristics of both modules are very similar; (2) the times required to fuel the module to 95% of capacity decreased with increased fueling rates; (3) the modules could be fueled to 95% in less than 10 minutes, one of the design requirements ( a minimum fueling time of -5-6 minutes is observed for the C 15 module); (4) the storage capacity of a C15 module is -30 g at 17 OC; and (5) fueling at rates in excess of -50-75 slm did not result in significantly reduced times to achieve 95% fueling.
Module Gas Delivery
Figures 8a and 8b show the results of a series of gas delivery experiments with a C15 module and a Hy-Stor 208 module. Figure 8a shows gas delivery from fully loaded modules ( -34 g in the C15,27 g in the Hy-Stor 208), while Figure 8b shows delivery from modules that were intentionally filled to approximately 50 % capacity. In both figures, the initial temperature of the modules was approximately 11 OC, the lowest temperature achievable in the existing experimental test stand. This starting temperature approximates a "cold start" condition for the modules. In all the results graphed, at the time corresponding to t= 0 minutes, the modules were heated at nominally the same rate. Simultaneously with the start of heating, gas was withdrawn from the modules at rates determined by the mass flow controller (MFC -see Figure 5 ). In each separate figure, the delivery rate -time profile for the C15 and Hy-Stor modules were the same: For instance, in Figure 8a , for the first 3 minutes 10 slm were delivered, after which, 25 slm, the maximum required delivery rate, was delivered as long as each module could supply the gas. A similar delivery-time schedule was followed in the data of Figure 8b . In both figures, the module pressures and inlet water temperatures are also plotted.
As both Figures show, the modules are capable of supplying hydrogen at 25 slm, one of the design requirements. Figure 8a shows that this rate can be sustained for about 12 minutes with a C15 module, and for about 9 minutes with a Hy-Stor 208 module and directly demonstrates the higher capacity of the C 15 module. When, however, the modules are half loaded, the Hy-Stor can supply hydrogen at the maximum rate for about twice the length of time than that with the C15 module. This is because of the higher overpressure in the Hy-Stor 208.
Thus, the initial module hydrogen gas content and temporal variations of both the module temperature and the gas delivery demand all influence the observed performance of the modules. The data present in Figures 8a and 8b suggest that, for fully loaded modules, there may be no advantage to a "cold start" bed, while in partially loaded modules, the cold start bed would be able to supply gas at higher rates for longer lengths of time than with the C15 modules. Heating the modules more quickly, which could occur in systems with water heating loops with lower volumes than the 10 liters of the current work, could also improve the performance of both modules. These results further demonstrate that there is more to employing a cold start bed than might be expected on plateau overpressure considerations (Figures 6a, 6b ) alone, and they suggest that minimizing water loop inventories to improve module thermal response will be an important ingredient in vehicular applications of this modular system.
Results: Multiple Modules
Fueling and delivery tests were ruri with two, different module groupings: 3 of the C15 modules as a group and all five modules -4 C15 and 1 Hy-Stor 208-as a second group. In both cases, the two different groupings were fueled in parallel and the gas delivered from the groups in parallel. This arrangement is equivalent to running the modules as one bed, and one would expect that the fueling and delivery of such an arrangement would be directly predicted from the corresponding characteristics of a single module. Figure 9a shows the fueling characteristics of the first group (3 -C15 modules). The fueling rate for this group was 150 slm. For comparison, the fueling -time behavior of a single C 15 bed fueled at 50 slm ( see Figure 7a , 501 slm curve) is multiplied X3 and plotted on the same graph.
As the data indicate, parallel fueling behavior of a group can be directly scale from the characteristics of a single module. A similar result was obtained when fueling the five module group.
The delivery from the second group (4 -C15 modules, 1 -Hy-Stor 208 module) is shown in Figure 9b . As indicated, the maximum delivery rate of 25 slm can be sustained for about an hour, which is about a factor of 5 greater than the delivery time at maximum rate observed in a single module ( Figure Sa) . Note, in addition, that a steady state temperature of only about 40 O C is necessary to maintain this rate and that the total amount of gas available from this six module system is about 145 g, which is the sum of the total amounts available from four C15 (4 x 30 =120 g ) and one Hy-Stor 208 (25 g) modules. These results show that when a 6 module bed system is used and fueled at 17 "C, a total of 175 g would be available from the complete system. This exceeds the capacity requirement of 160 g., even though only 6, and not 8 beds as originally planned, are used. Figure 5 showed the schematic of the diagnostics on a typical module. As indicated, the measured quantities in the current experiments include the input and output water temperatures (Ti, and Tout, respectively), the water flow, W, the fueling rate, F, of the hydride bed, and the bed pressures, P. Internal bed temperatures were not measured, since the beds were not intended as experimental devices and they were: built without internal diagnostics.
Thermal Modeling
Introduction
Although it was not the intent of the current work to perform detailed thermal measurements on hydride beds as has been done previously (e.g., Suda, 1980 Suda, , 1983a Suda, , 1983b , it is instructive to determine the amount of informatioin which can be derived through a combination of existing, experimental module diagnostics combined with a simple model regarding the heat flow in the hydride bed modules. A complete thermal analysis of the modules requires a three-dimensional, finite element analysis, a treatment which is planned for the future but which is beyond the scope of the current work. The results obtained from such an analysis combined with experimental data obtained from working modular beds will further the design of future hydride beds. Note that the modeling done below concerns only the fueling of a module, a situation where heat is added to the system.
The model and assumptions
As described in the section above on the construction of the modular bed, each bed consists of 9, cylindrical, hydride-containing tubes, all surrounded by a water jacket and all having a common hydrogen gas input/output connection. It is important to explicitly define assumptions made in the modeling in order to improve on the model in future calculations. In the calculations done below, the following assumptions were made:
The internal construction of the hydride tubes is ignored. That is, the presence of the fritted gas tube and the compartment-forming " b a r~t o~l~" are ignored, and each tube is considered to consist of hydride packed to a constant density (Q) throughout each cylindrical hydride tube.
Only the innerportion of the module is modeled. The outer portions of the module -the 2" nominal square jacket, Lexan rods, ends caps are ignored. In fact, these components are kept at essentially isothermal conditions because of water cooling, and the temperature increases of the hydride tubes (and inner components) above the average water temperatuer are much higher (by an estimated >10 X) than cooling water temperature changes.
End effects are neglected. All heat flow in the tubes is assumed to be radial. This is a reasonable assumption, since the length to radius ratio of the tubes is high (-15"/(0.69/2)" -44).
0 The hydride is uniformly hydrided or dehydrided. This is equivalent to assuming that during fueling (or during dehydriding) the energy supplied (or removed) to (from) the interior of the tubes is uniform. It may be physically more reasonable to assume that there is some radial dependence to this heat generation and that the fuelingldehydriding rates are related somehow by a reaction coefficient to the local overpressure at individual points in the bed: For instance, If the hydriding rate of the bed module alloy were dependent on the difference between the hydriding pressure and the equilibrium overpressure, then the rates will depend on the "local" module bed equilibrium pressure. Since this overpressure varies with temperature, and the since the temperature in a bed module will vary, primarily in a radial direction, the hydridingldehydriding rates in the bed will vary with position. Thus, for instance, conditions could be reached in a bed where hotter regions are desorbing hydrogen, while cooler regions are absorbing hydrogen. However, this degree of sophistication was not felt to be warranted in the current work considering the simple and relatively few bed diagnostics present.
either to the air surrounding the modules or to water or gas module plumbing.
water temperature of each module is not the same as the bed temperature at any given time because of the finite bed thermal conductivity. In all the measurements with the modules, the time interval between data points was 2 s and the temperature resolution was 0.125 OC. Note that the finite water velocity in the bed should not limit measurement of measured temperature No heat is lostfrom the system All heat transfer is adiabatic and no heat is conducted
The transit time of water through the modules is neglected. As will be shown below, the transients: Since the volume of cooling water in a module has been measured as -92 cc, at a bed water flow of 0.6 gpm (-2.3 l/minute), the transit time of the water in the bed is -2.5 s, approximately equal to the acquisition time interval. If thermal effects in the bed module were occurring over time scales of approximately this amount, one might expect that flow effects would have to be considered in the formalism. Data described below indicate that the thermal time constants are at least a factor of 10 greater than this water transit time, so one would expect that this neglect of water flow effects would lead to a error in time constants of no more thanlo%, not a significant amount considering the simplicity of the model and the few system diagnostics.
thermal boundary resistances at the hydride -hydride cylinder and hydride cylinder-water interfaces are small compared to the thermal impedance of the hydride bed itself. This is the most simplifying of all assumptions and is the least physical, since, if the temperature in the hydride in a tube at r=a (tube radius) is the same as the water temperature (see discussion below), then the hydride temperature near the water output in the module should be at about the same temperature as the water at the output. Output temperatures of -10 OC higher than input water temperatures have been observed at the higher fueling rates. However, this temperature increase is less than -10% of the hydride temperature increase, and the assumption is consistent with the degree of sophistication of the current calculation.
AZZphysicaZproperties are constant. All quantities, such as thermal conductivities, heat capacities, densities, do not change with temperature or pressure.
No energy is added to, or removed from, the bed module byflowing hydrogen gas. All energy exchanges occur between the bed and the water cooling loop by thermal conduction.
Nu energy is Zost through radiation. Since the maximum bed temperature is <70 "C during operation, this is a reasonable assumption.
There are no thermal boundary impedances. This is equivalent to assuming that the
The hydride temperature is independent of z, the distance along the module tube axis.
It is useful to examine the assumption listed above dealing with low thermal boundary resistances. Figure 10 is a sketch which qualitatively depicts the radial dependence of the temperature in this boundary region in steady state; note that the sketch is not to scale If the tube wall is of thickness 6, the temperature drop across the tube, ATtubc, is given by where P = q.S = the power .transported through the tubes into the water.
( Note that All symbols are defined on the page of this report prior to Section 1 .)
The hydride tubes are made of stainless steel and are about 0.5 mm thick. Based on published data, ktubc = kshjnlcss steel = 40 W/ m-K:. Nine tubes have a surface area of -1.88 x lo3 cm2 ~ During fueling at a rate of 75 slm( one of the higher fueling rates tested in the modules), the total power deposited into the water is about 1.89 x lo3 W, or an energy flux of -1 W/ cm2 . With these inputs, we find ATtubc= 0.13 O C , a small temperature difference compared to the temperature changes which we will predict from the center to the outside of the hydride material inside the tube. Note that if the tube were made of copper, with a thermal conductivity approximately 10 x higher than that of stainless steel, the temperature drop would be 10 x less. In either case, if the outside of the tube is completely immersed in water and there are no large thermal boundary impedances inside or outside of the tube, then it doesn't matter if the tube is made of stainless or copper-the temperature drop across the tube should be small. We will later see that, at 75 slm fueling, the predicted core temperature inside the hydride is greater than 100 "C higher than the outside, about lo3 greater than the drop across the tube. Thus, in all calculations below, the boundary condition on the cylindrical tubes is that temperature at r=a (tube radius) in the hydride is equal to the water temperature. We further assume that the input water temperature is constant. In practice, the input water temperature increased by about 1°C during fueling at 75 slm; this temperature change is also small compared to the temperature change across the tube.
The problem of the heat flow in a single, hydride tube then reduces to the well-know one of heat flow described by Poisson's equation with a source term:
In cylindrical coordinates, if the only variation of T is in the radial direction, and E is independent of r, (1) becomes
-. -( r .
The solutions to this equation for selected boundary conditions and for certain cases of when E(t) z0 have been determined (Carslaw and Jaeger, 1995) . In the sections below, the applications of these solution results to experimental, hydride module results are discussed.
Steady state fueling
Experimentally measured temperature ch nges in the output b ter lines are shown in Figure 11 , data taken at 0.6 gpm water flow in a C15-containing module. Data taken with 1.2 gpm water flows were similar, except that the peak output water temperatures were lower than in the 0.6 gpm case. In all cases, the fueling rate was kept constant as long as the input pressure supply could maintain the necessary pressure for supply. After some time in each fueling case, this rate started dropping off, and these times corresponded to the drop in temperatures observed. In every case tested, there was a temperature plateau, a time during the fueling when steady state conditions were achieved: as is evident from the data shown in figure 11 , the temporal extent of these "flattops" decreased with increased fueling rates.
During these steady state conditions, there is an energy balance between the energy input into the hydride due to hydriding and the einergy removed by the input water. This condition can be expressed by the following equation:
where d = a conversion factor between experimental, engineering units (slm, gpm, etc.) and tabulated data (e.g., kcal/mole hydride formation energy, etc.). Figure 12 shows the predicted temperature differences (lines) together with the experimentally measured differences (data symbols) in the steady state region for three different fueling rates and two different water flows; there are: no adjustable parameters in the lines. Considering the assumptions made, agreement between predicted and measured results is good, especially in the case of the higher water flow (1.2 gpm). There is, however a deviation of -0.5 O C from predicted values in the lower water flow rate data. The reason for this difference is not known at this time, but these results demonstrate that there is remarkably good agreement between predicted and observed temperature differences.
During steady state fueling, with E-a constant in 2b above, the following temperature profile in the hydride tubes is predicted:
T ( r ) = T , , for r>a, where , and
Given a heling rate F and the current module construction, the power density deposited into the hydride can be related to the fueling; rate as follows:
5.
E[WIrn3] = 3.475~10~ -F[sZm]
The temperature distribution is thus, parabolic, with a maximum temperature on the central axis of the hydride tubes. In order to evaluate the peak temperature, it is necessary to use a value of the bed thermal conductivity. In the calculations below, it is assumed that this conductivity kH = 0.4 W/m-K . This is an approximate bed thermal conductivity (Suda 1980 (Suda , 1983b and, as shown in a section below, is consistent with the module transient, temperature response data. Combining equations (4) and (5) yields the following relation between the peak, on axis temperature and the fueling rate:
Thus, during fueling , the core temperature in the hydride tubes can be significantly higher than the cooling water temperature, a direct result of the low hydride thermal conductivity. For instance, during fueling at 75 slm), the core temperature is predicted to be -110 "C above the water temperature. As a comparison, the rise observed in the output water temperatures at 75 slm (see Figure 12 ) were less than 9 "C at a water flow rate of 0.6 gpm. This shows that the water temperature is an indirect indicator of the bed temperature.
For a parabolic temperature distribution in a cylindrical geometry with maximum axial temperature T, and temperature equal to 0 "C at r=a, straightforward integration of the temperature distribution yields an average temperature of TJ2. The following experiment was performed as a rough check on this result, with the data shown in Figure 13 : A module was fueled at rate of 25 slm; according to equation 5a. above, T, should be -36 "C above the water temperature. Before the bed was completely fueled, the fueling was stopped. When this occurred, the overpressure dropped from approximately 165 PSIA to 80 PSIA. The bed temperatures and pressures were allowed to equilibrate. Then, the temperature of the bed was raised in steps, as indicated in the figure, until a temperature was reached where the pressure over the module was equal to that when the fueling was stopped, 165 PSIA. One would expect that the average temperature in the bed during fueling just prior to fueling cessation would be equal to the total rise in step temperatures. Indeed, the total increase in step temperatures was found to be between 18 "C to 19 "C, approximately 1/2 of the predicted, initial 36 "C. These results show that the concept of a parabolic temperature distribution is consistent with experimental observations. However, only direct measurements of bed temperatures can determine if this agreement confirms a parabolic temperature distribution. Logarithmic variations of temperature with distance, for instance, are predicted and have been observed in hydride beds with cylindrical, annular geometries (Suda, 1983a (Suda, , 1983b ).
The dependence of T,n on the radius ( a2) of the cylinder indicates that making the hydride tubes significantly larger than currently used would lead to much higher temperatures in the hydride interior. Reducing the tube diameters, on the other hand, should result in faster hydriding because of significantly reduced core temperatures. However, there is a practical limit on reducing tube diameters which is related to the number of tubes required and the accompanying increase in plumbing complexity which could result from a larger array of smaller, hydride tubes. Geometries other than tubes (e.g., planar hydrde arrays) may ultimately provide the best arrangement for a hydride module. An evaluation of such arrangements, however, is beyond the intended scope of the present, simple modeling work.
Transient behavior
In the hydride bed modules, the only measurement of the hydride bed temperature and thermal response is an indirect one, namely the change in water temperature with time. By determining solutions of the heat equation in the current geometry (equation 2b above), one could then derive the power input into the cooling water. This is the approach taken in the following discussion, and this approach was directly linked to particular experimental situations which should produce the correct starting boundary conditions. These conditions are those occurring during steady state fueling when, as predicted above, a parabolic temperature distribution is established in the bed because of the uniform power (density deposition in the bed. At a certain time, chosen to correspond to t = 0 in the model, tlhe fueling is stopped. Thus, solving the heat equation (2b) reduces to solving Laplace's equation in cylindrical geometry with the boundary condition at t= 0 being a parabolic temperature distribution; the temperature at r = a (tube radius) is assumed to be constant and equal to 0.
The solution to these conditions ha!; been determined (Carslaw and Jaeger,1995, p199,7.6, eqn 7) and is the following:
where a, are the inverse dis.tances which correspond to the positive roots of Jo(aq,) = 0.
The energy flux into the hydride tube at r=a at time t is given by t> 7.
j ( r = a,t> = -k, dr
We assume that this same flux enters the water stream. This is equivalent to the boundary condition used by other investigators of hydride beds (Suda, 1983b) of This corresponds physically to assuming that the energy input into the tube from the hydride is predominantly conducted to the water, with little energy expended to heat up the tube.
Differentiating 6. and using 7. , the following expression for the flux results:
The total power transferred to the water is given by 10. Figure 14 shows P as a function of time, t, for two cases, namely for the summation evaluated through n=50 and for the case of n=l, the first term in the sum only. Both are evaluated for a fueling rate of 75 slm. As can be seen from the comparison of these two expressions in this figure, the 50 term sum can be approximated to better than 10% accuracy by the first term in the series for times 25 s. From equations 9 and 10, the expression for the power using only this first term is where a a l =2.4048, the first nonzero root of Jo(aa,) = 0. This can be recast into the following format:
P ( t ) = j ( r = a , t ) -A
Experimental support for the approximate value of this time constant is shown in Figure 15 , where the decays in measured temperature differences between the output and input water lines on the module are shown. The experimental situation created corresponds exactly to that required to establish a parabolic temperature distribution, namely a constant fueling rate followed by immediate cessation of fueling. As described above, these conditions were assumed in derivation of eqns. 11 and 1 l a above. The time immediately following cessation of fueling at two constant rates are shown as t=O for the 75 slrn case; the zero in time for the 25 slm fueling, which has a smaller temperature rise than the 75 slm case, was adjusted so it would mesh with the 75 slm data and could be plotted in the same graph. Both fuelings were done with 0.6-0.7 gpm water flow; the results with the higher water flows would be the same, except that the magnitudes of the temperature increases would be lower. The straight line shown in the graph corresponds to exp(-th), with ' I: = 41.2 s, the value calculated above. It is clear from the graph that there is good agreement with the predicted decay time. Note that there is increased noise and apparent deviation from the predicted behavior at low values of temperature differences. This situation is probably caused by the finite resolution (-0.125 "C) of the the temperature channels in the data acquistion system.
It is essential to realize that the 41.2 s time constant (z) determined above pertains to the thermal behavior of the hydride tubes only, as described in the section about with the model "assumptions." A longer decay time would be expected for the entire module if all the module, including water jacket, Lexan and other parts were considered in the analysis. Such a longer time would be observed during gas desorption from the module, a situation where all of the module is heated by the water. This is unlike refueling, where the heating is primarily localized to the hydride-containing tubes and the remainder of the module is cooled by the water flowing in the jacket volume around the tubes and kept at essentially constant temperature.
Summary
In the current work, a modular, hydride beds for supplying hydrogen to a fuel cell have been designed, constructed, and subjected to initial testing. Based on experimental data, this bed system consisting of 8 modules would have a usable hydrogen capacity of about 235 grams when fueled at 17°C and 165 PSIA, a capacity which exceeds the original design goal of 160 grams of hydrogen. Fueling at higher temperatures would lower the stored amount of hydrogen, while fueling at higher pressures would raise it. The exact amount of hydrogen which would be stored onboard a vehicle will depend on the particular operating temperatures expected and the fueling scenario chosen. In spite of these variables, the current work shows that the modular system built should meet or exceed capacity requirements.
The results directly demonstrate thlat the requirement of module refueling times of less than 10 minutes are satisfied: 95% refueling times of -5 -6 minutes with the current module design were demonstrated at fueling rates of 50 -75 slm I module and cooling water flows of 0.6 gpm / module. Ongoing thermal modeling of the modular system indicates that the basic limitation on fueling times is related to neither hydrogen fueling rate nor water flow, but rather to the low thermal conductance of the hydride within the hydride tubes.
Gas delivery rates of 25 slm were readily achievable at bed temperatures of -3 5-40 "C. The data comparing the C15 module with th.e Hy-Stor 208 module indicate that, in order to make the modular concept work and provide a thermal response advantage over a larger single bed, the water inventory in the heating cooling loop must be reduced from the amount used in these tests. The arguments presented in Section 2.2 (available energy considerations) indicate that amounts as low as possible should be used and suggest an inventory of -2 liters would make a desirable goal for use with an 8 module system. Using a simplified model of module construction, the predicted thermal behavior of a module during and after fueling is in good agreement with experimentally observed results. Although a complete, more complicated, finite element modeling of a module must be performed to predict all thermal response behavior, the agreement between theory and experiment in the simple model suggests that the essential thermal behavior of the module is correctly simulated. This model uses the sizes of the tubes and manufacturer's quoted values for the specific heats and heat of hydride formation. With these inputs, a value of the hydride bed conductivity of -0.4 Wlm-K is found to provide the good agreement between predicted and observed transient thermal behavior after fueling. Further, core hydride temperatures of > 110 "C above the water temperatures are predicted at fueling rates of 75 slm. It is likely that such internal heating in the hydride is the primary limitation on the reduction of fueling times by increased fueling rates.
Overall, the modules have met or exceeded all design goals, and should be excellent candidates for deployment in a prototypical hydride bed -fuel cell test vehicle. When so used, the next step in this bed work is the design and testing of the bed system, that is, the interconnection, control and end use of the separate modules operating as a group. This future work must compare the characteristics of a hydrogen supply system based on such a hydride beds to one using compressed, gaseous hydrogen storage. The flexibility offered by the modularity of a hydride system based on the current modular devices make it an ideal prototypical test bed for the implementation of metal hydrides in mobile applications requiring hydrogen delivery to fuel cells. Difference in temperatures between output and input cooling water in a C 15-filled module during steady state conditions (data symbols). These differences correspond to the "plateaus" shown in Figure 1 1, andl were taken at two different water flows and threee fueling rates. The predicted temperature differences (see text for explanation) are shown by the lines. Figure 13 . Test of consistency of radial, parabolic temperature distribution with observed conditions (see text for explanation). Fueling at 25 slrn, 17 "Cy is stopped at about 8530 s. The module temperature was then incre:ased until the pressure was the same as measured when the fueling was stopped. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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